Direct conversion of biomass-derived syngas (bio-syngas) to dimethyl ether (DME) at pilot-scale (100 t/a) was carried out via pyrolysis/gasification of corncob. The yield rate of raw bio-syngas was 40-45 Nm 3 /h with less than 20 mg/Nm 3 of tar content when the feedrate of dried corncob was 45-50 kg/h. After absorption of O 2 , S, Cl by a series of absorbers and partial removal of CO 2 by the pressure-swing adsorption (PSA) unit sequentially, the obtained bio-syngas (H 2 /COz1) was directly synthesized to DME over Cu/Zn/Al/HZSM-5 catalyst in the fixed-bed tubular reactor. CO conversion and DME space-time yield (STY) were 67.7% and 281.2 kg/m cat 3 /h respectively at 260 C, 4.3 MPa and 3000 h À1 (GHSV, syngas hourly space velocity). Synthesis performance would be increased if the tail gas (H 2 /CO > 2) was recycled to the reactor when GHSV was 650-3000 h
Introduction
Biofuels, derived from large feedstock of biomass, are considered to be clean and CO 2 -neutral to solve the problems of the limited fossil fuel reserves and strict environmental regulations [1] . By the thermo or bio-chemical utilization of non-edible biomass residues as corn stalk or rice husk, second-generation biofuels (methanol, DME, Fischer-Tropsch oil and bio-ethanol) technologies are supposed to be competitive and prospect substitutes of fossil fuels [2, 3] . Thermal gasification is more attractive because the following catalytic conversion of biomass-derived syngas (biosyngas) to liquid biofuels is similar to those industrialized processes of coal or natural gas liquefaction [4, 5] .
Many efforts are ongoing world widely to develop the technologies of second-generation biofuels. The first bio-methanol demonstration plant has been set up in Hawaii University [6] . The Bio-DME project in Europe was designed to produce DME by thermo-chemical conversion of biomass [7] . Although direct DME synthesis over hybrid catalyst (methanol and solid acid catalysts) has a synergistic effect to break the thermodynamic equilibrium barrier in two-step DME synthesis technology [8] , the calculated price of bio-DME is still higher than that from the petroleum industry. Most cost is spent on the composition reforming processes of raw bio-syngas (CO 2 -rich with low H 2 /CO ratio) to fulfill the stoichiometric requirement of DME synthesis [9] . Few concrete experiments have been reported on the synthesis results and economics of direct conversion of bio-syngas to DME at largescale, even for pilot-scale operations [10] .
An integrated system for 100 t/a-scale bio-DME synthesis from corncob was carried out in this paper. Pyrolysis/gasification under O 2 -rich air, CO 2 removal by the pressure-swing adsorption (PSA) unit and catalytic synthesis over Cu/Zn/Al/HZSM-5 catalyst in the fixed-bed tubular reactor were described to present the operation characteristics of the whole system. The effect of bio-syngas GHSV on DME synthesis was discussed and the typical synthesis results were also obtained.
System set-up
Fresh corncobs were collected from Shandong Province, China and dried to decrease moisture content before experiment. Table 1 lists the proximate and ultimate analysis of the dried corncob. As shown in Fig. 1 , the dried corncobs at the feedrate of 45-50 kg/h were primarily pyrolyzed in the pyrolysis zone at 400 C, and then the pyrolysates were oxidized in the gasifier with O 2 -rich air to produce raw bio-syngas. S, Cl and O 2 in the raw bio-syngas were removed by desulphurization catalyst, activated carbon, lime stone and Pd-based catalyst successively. CO 2 was partially removed by the PSA unit, assembled between the second compressor and the third one. After that, the obtained bio-syngas was directly converted to DME over Cu/Zn/Al/HZSM-5 catalyst in the fixed-bed tubular reactor at 4.2-4.4 MPa and 260-270 C, which was made up of 30 stainless pipes (432 Â 25 Â 2000 mm). The synthesis temperature was controlled by heating oil. The raw products and tail gas were separated by a series of condenser, separator, absorber and rectifier to get DME. The total weight of Cu/Zn/Al/HZSM-5 catalyst was about 36 kg and 0.029 m 3 for each run. And Cu/Zn/Al/ HZSM-5 catalyst was reduced in situ in the H 2 /N 2 flow from room temperature to 270 C at 500-2000 h
À1
, as shown in Fig. 2 . The H 2 content in the reduction flow was increased from 5 vol% to 20 vol% to avoid sintering of metal Cu.
Methology
CO, H 2 and CH 4 in the syngas were analyzed with on-line infrared gas analyzer. O 2 was analyzed with portable O 2 analyzer. Synthesis products and tail gas were analyzed on the thermal conductivity detector (TCD) after separation by a 401 packed column with Agilent 6890 Gas Chromatogram. Dried corncob was pyrolyzed to gas, steam vapor, char and tar in the pyrolyzer at 400 C as equation (1) presents. Oxidization of char and other combustible materials under O 2 -rich air (>90 vol%, 10 Nm 3 /h) brought into high temperature of more than 1000 C in the following gasifier, which resulted in effective combustion of the pyrolysates and high temperature for tar cracking. It also provided heat for reforming and decomposition as equations (2)- (4) enhanced the lifetime of synthesis catalyst, which were troublesome problems in most traditional biomass gasification techniques [11] .
4.1.2. Purification of the raw bio-syngas A jet-pulse bag filter was settled between heat exchanger and cooler to capture fly ash particles in Fig. 1 . The filter accuracy was less than 1 mm because the size of most ash particles was 2-50 mm. The particle content in the raw bio-syngas was less than 20 mg/Nm 3 and the pressure-drop of the bag filter over time was about 1500 Pa when the bag filter was operated at 0.4-0.5 MPa, 200-260 C and 1 m/min of filtration velocity.
After O 2 -rich gasification, O 2 content in the raw bio-syngas was usually above 1 vol%. It should be decreased to below 0.5 vol% before compressing. Otherwise, explosion would happen in the hydrogen compressors. And to avoid the re-oxidization of Cu/Zn/Al/ HZSM-5 catalyst at high synthesis temperature, the O 2 content should be decreased to less than 0.1 vol% before synthesis reactor. Thus two deoxidizers packed with Pd-based catalyst were settled before the compressor and the reactor to absorb O 2 to the corresponding content. The existence of trace S, Cl, tar and other impurity in the raw bio-syngas would also poison and deactivate the catalyst. The lime stone, activated carbon and desulphurization catalyst were closely packed in the absorption units to absorb them. The whole purification process was fulfilled by an absorber, a deoxidizer before the compressor and a deoxidizer, two absorbers before the reactor as shown in Fig. 1. 
Partial removal of CO 2 from the raw bio-syngas
After long time operation, the average composition of the raw bio-syngas in the gas tank was stable, which was H 2 25-38 vol%, CO 25-38 vol%, CO 2 16-25 vol%, N 2 8-10 vol%, CH 4 < 2 vol%, O 2 < 1.0 vol% C 2 þ < 0.05 vol% and the H 2 /CO ratio was about 1 with more than 60 vol% of H 2 and CO. It was reported that DME synthesis would be enhanced when 5-10 vol% CO 2 exists in sygas [12] . But high CO 2 content in the raw syngas of this experiment (16-25 vol%) might not only enhance pressure requirement to the equipments, but also re-oxidize DME catalyst. So the PSA unit with propylene carbonate as adsorption liquid was applied to partial removal of CO 2 at high pressure. Propylene carbonate was recycled to the system after CO 2 desorption at normal pressure in regenerator. Fig. 3 shows the pressure of the PSA unit and CO 2 removal efficiency with time on stream.
The pressure of the adsorber was between 1.20 MPa and 1.40 MPa, which fulfilled the requirement of operation design and indicated stable control. With the system undergoing, CO 2 removal efficiency was in the range of 72.4-77.3% and the CO 2 content in the bio-syngas decreased to 8.54-12.7 vol%. Both H 2 and CO content increased relatively after the CO 2 removal process.
Catalytic process of DME synthesis from bio-syngas
Before synthesis operation, N 2 was used firstly to replace the air in the whole system to avoid the formation of explosive gas when H 2 -containing bio-syngas contacted with air under pressure. When O 2 content was decreased to less than 2 vol%, the bio-syngas was led through to remove O 2 further to below 0.5 vol%. Only after that, temperature rising could be carried out.
The bio-syngas from gas tank was compressed by three-stage hydrogen compressor. The outlet pressure of the three-stage compressor was 0.35-0.38 MPa, 1.4 MPa-1.6 MPa and 4.0-4.8MP respectively. The synthesis pressure was controlled by the third compressor and relief valves at the reactor outlet. According to the optimized performance of the catalyst in the lab, the synthesis temperature was set at 250-270 C by heating oil. The temperature and pressure of the fixed-bed tubular reactor with time on stream are shown in Fig. 4 , which were stable at 260-270 C and 4.2-4.4 MPa respectively after first few hours' operation. So the characteristics of the simple structure, easy control, stable operation and quick mass transferring of fixed-bed tubular reactor were favorable for pilot-scale DME synthesis.
Direct DME synthesis from bio-syngas

Effect of GHSV on DME synthesis
The gas compositions at the outlet of the PSA unit and reactor and DME synthesis performance when GHSV was 650-3000 h À1 are shown in Table 2 and Fig. 5 . After the PSA unit, CO 2 content was 8.54-11.4 vol% and the H 2 /CO ratio of bio-syngas was about 1 under different GHSV, which meant stable feedstock for the following DME synthesis process. After catalytic reaction, CO content at the reactor outlet was almost the same, while DME content decreased from 12.7 vol% to 6.08 vol% as GHSV increased from 650 h À1 to 3000 h
À1
. It should be pointed out that both C 2þ and methanol contents were less than 0.5 vol%, so the consequent separation and purification processes of raw DME were simplified. And the H 2 /CO ratio of the tail gas was 1.97-2.62, higher than that of the feedstock gas.
As shown in Fig. 5 , GHSV have opposite effect on CO conversion and DME STY at 260 C and 4.3 MPa. CO conversion decreased from 82.0% to 67.7% and DME STY increased from 124.3 kg/m cat 3 /h to 281.2 kg/m cat 3 /h as GHSV increased from 650 h À1 to 3000 h
. Low GHSV prolonged the contact time of bio-syngas to DME catalyst, resulted in high CO conversion. While for the exothermic reaction of direct DME synthesis, quick CO conversion might lead to active Cu sites sintering and catalytic activity shorten. It can be seen that the increase effect of GHSV on DME STY was not obvious when GHSV was higher than 2000 h À1 in Fig. 5 . So GHSV of 1200-2000 h À1 was adopted to get high and stable DME yield during the practical operations.
The temperature and flow rate of tail gases at the reactor outlet were shown in Fig. 6 . Both temperature and flow rate fluctuated greatly at the first stage. After 8 h operation, the temperature and flow rate were 150-160 C and 10-12 Nm 3 /h respectively at 650-1000 h
. When GHSV increased to 1200-1500 h
, the temperature and flow rate increased to 180-190 C and 18-25 Nm 3 /h. The increased temperature of tail gas may be due to the high DME STY at high GHSV in Fig. 5 . Under a rough estimation, the total GHSV and DME STY would reach to 1600 h À1 and 220.0 kg/m cat 3 /h respectively, supposed that the tail gas was recycled to synthesis reactor when the initial GHSV was 1200 h
. In the same time, DME STY would increase from 0.13 t/t biomass to 0.14 t/t biomass. So the tail gases should be recycled to the reactor after decarbonization of CO 2 or used to generate electricity at large-scale operation to increase synthesis economy.
Typical results of synthesis operation
The typical results at different sites of the integrated system are shown in Table 3 . CO 2 content in the bio-syngas decreased to 11.4 vol% at the PSA outlet when the flow rate was 43.0 Nm 3 /h at the compressor inlet. But even after CO 2 removal process, the biosyngas was still CO 2 -rich. And H 2 content of 35.1 vol% at the PSA outlet was lower than that in the traditional syngas from coal or natural gas. Yet CO content at the reactor outlet decreased to 11.6 vol%, which meant quite amount of CO was catalytically conversed. And the selectivity to C 2 þ and methanol was less than 0.65 vol% and DME was the main product in Table 3 . That indicates a fine performance in syngas conversion and ultra good selectivity to DME. And more DME would be synthesized if the tail gas (H 2 / CO ¼ 2.16) was recycled to the reactor.
Economics and feasibility analysis of the integrated bio-DME synthesis system
The 100 t/a-scale integrated Bio-DME synthesis system from corncob was begun to set out in 2006 and the test run of the whole system was finished in 2008 under the cooperation of Guangzhou Institute of Energy Conversion and Energy Research Institute of Shandong Academy of Sciences. After analysis and calculation, the gasification efficiency was more than 50%, the Bio-DME yield was 0.13 t/t dried corncob and the thermal efficiency of the whole energy conversion was about 32% when tail gas was introduced to generate electricity at 20% of energy conversion. The low thermal efficiency of the whole system was due to the small scale of gasification (45-50 kg/h), which brought to high yield of char, not syngas. And that consequently reduced carbon conversion to DME. When the price of corncob was U180/t, the production cost would be about U3800/t DME, higher than that from methanol dehydration. Due to the high production price of Bio-DME and the low oil price in 2009, the pilot-scale demonstration plant was shut down temporarily. After summarizing the experience of this 100 t/a-scale system mentioned above, a larger and more economical integrated Bio-DME synthesis system (1000 t/a) combined with electricity generation is under construction by Guangzhou Institute of Energy Conversion now. Pilot-scale fluidized-bed gasification will be adopted to enhance gasification efficiency to more than 80%. The reaction heat and tail gas will be used to generate steam and electricity respectively to realize steam and electricity self-sufficiency as much as possible, so the thermal efficiency is supposed to increase to 38%.
Conclusions
The test runs of 100 t/a-scale bio-DME synthesis from corncob indicated the integrated system was technical feasibility to utilize biomass residues to produce liquid fuels as DME at pilot-scale. The separated treatment of low temperature pyrolysis of corncob and high temperature gasification of the pyrolysates under O 2 -rich air resulted in low tar content (less than 20 mg/Nm 3 ) and CH 4 content in the raw bio-syngas. Syngas yield was 40-45 Nm3/h when the dried corncob was fed at 45-50 kg/h. CO conversion and DME STY were in the range of 82.0-67.7%, 124.3-281.2 kg/m cat 3 /h respectively when the GHSV was between 650 h À1 and 3000 h
À1
. The scale expansion of bio-DME synthesis is important to lower the production cost. In the same time, the prices of fossil fuel and biomass are still the key influence factors to sustainable development of biofuels as DME.
